Objective: Patients with chronic neuropathic pain (CNP) have a higher incidence to develop depression. However, its pathogenesis has not yet been fully elucidated. Here we aimed to investigate the role of inflammatory cytokines in CNP-related anhedonia, which is a core symptom of depression, and to explore the effects of ketamine and parecoxib on pain and anhedonia. Methods: A rat model of spared nerve injury (SNI) was constructed to mimic CNP. Hierarchical cluster analysis of sucrose preference test (SPT) was applied to classify the SNI rats into anhedonia susceptible and unsusceptible. Inflammatory cytokines in medial prefrontal cortex (mPFC) of brain, serum and L2-5 spinal cord were measured. Moreover, effects of ketamine or parecoxib on mechanical withdrawal test (MWT) and SPT in anhedonia susceptible rats were detected. Results: Tumor necrosis factor (TNF)- was increased in mPFC, serum and and spinal cord of anhedonia susceptible rats. Furthermore, anhedonia susceptible and unsusceptible rats both increased the interleukin (IL)-1 level in mPFC, serum and spinal cord. IL-6 was altered in serum and spinal cord, but not in mPFC. IL-10 was significantly altered in mPFC and serum, but not in spinal cord. Additionally, ketamine treatment significantly attenuated the decreased results of MWT and SPT in anhedonia susceptible rats, and that parecoxib significantly improved the MWT score, but failed to alter the result of SPT. Conclusion: These findings suggest that abnormalities in inflammatory cytokines confer susceptible to anhedonia in a rat model of SNI. Ketamine, a fast-acting antidepressant, has pharmacological benefits to alleviate pain and anhedonia symptoms.
INTRODUCTION
Patients with chronic neuropathic pain (CNP) are often accompanied by depression. 1, 2) A previous study indicates that the average incidence of depression in patients with chronic pain is up to 52%. 3) Clinically, analgesics, e.g., nonsteroidal anti-inflammatory drugs and opioid drugs, are routinely prescribed for alleviation of CNP symptoms. 4, 5) As to refractory CNP, it has been widely recognized that antidepressant agents improving CNP-induced dysfunctional monoamine including 5-hydroxytryptamine and norepinephrine are also conventionally required. 6, 7) In addition to antidepressants, analgesic agents, however, are also effective in relieving the symptoms of depression, particularly depression with somatic symptoms. 8, 9) We therefore inferred that there are an amazing number of commonalities in the pathological mechanisms between pain and depression. Anhedonia has emerged as one of the most core symptom of depression. 10, 11) It is clinically characterized by the loss of pleasure or deficit of physiological reactivity to pleasurable stimuli. 12) Sucrose preference test (SPT) has been commonly applied to evaluate the symptoms of depression and the therapeutic effects of antidepressant agents in rodents. 13, 14) Studies from our group and others suggest that depression-like phenotype rodents exert a remarkable decrease in the sucrose preference. [15] [16] [17] In contrast, improvement of poor performance in the SPT would promise a better outcome of pharmacological efficacy of antidepressant agents. 15, 18, 19) Currently, patients with anhedonia have a higher incidence to commit suicide. 10) It is therefore noteworthy that earlier identification of anhedonia is an urgent need to take strategies for preventing suicide in patients with depression. Increasing evidence shows that dysfunctional inflammatory response might play an important role, at least partially, in the onset of depression. 20, 21) A meta-analysis study demonstrates that the expressions of inflammatory cytokines in peripheral serum of depressed patients are significantly higher than that of healthy controls. 22) In contrast, pharmacological strategies inhibiting over-activation of the inflammatory response greatly contribute to elicit beneficial effects on depression symptoms. 23, 24) It is reported that intracerebroventricular micro-injection of interleukin (IL)-1 antagonist could exert facilitating effects on depression. 25) Similarly, tumor necrosis factor (TNF)- inhibitors have currently been applied for treatment of rheumatoid arthritis, 26) several lines of evidence, however, show that inflammation inhibitors are also effective in the treatment of central nervous system diseases, e.g., depression, anxiety, Alzheimer's disease. 27, 28) Furthermore, CNP-induced depressive-like phenotype is highly associated with TNF-dependent hippocampal plasticity. 29) In addition to pharmacological strategies, other therapeutic strategies, e.g., electroshock and transcranial magnetic stimulation, could also exert inhibitory effects on the serum levels of pro-inflammatory cytokines in patients with depression. 30, 31) However, there are no reports on the relationship between the levels of inflammatory cytokines in various regions and CNP-elicited anhedonia susceptible in a rodent model. In the present study, we selected several regions consisting of medial prefrontal cortex (mPFC) of brain, serum and intumescentia lumbalis of spinal cord to determine the role of inflammatory response in CNP-induced anhedonia susceptible in a rat model of SNI because alterations in inflammatory cytokines in these selected regions are considered to contribute to the pathogeneses of depression and CNP. Furthermore, ketamine or parecoxib was administrated into anhedonia susceptible rats to observe their effects on pain and anhedonia symptoms in a rat model of CNP.
METHODS

Animals
Male 
Experimental Design
As depicted in Figure 1A , rats were acclimated to environment for 6 days then the MWT was performed 1 day before the SNI surgery for basal measurements. The MWT, SPT were implemented from days 5 to 8, 12 to 15 and 19 to 22 after surgery, respectively. Twenty-three days after SNI surgery, mPFC of brain, serum and L2-5 spinal cord were collected for measurement of inflammatory cytokines. Additionally, in Figure 2A , anhedonia susceptible rats were intraperitoneally injected with either ketamine (Cat No.: 1707032; Gutian Pharmaceutical Company, Ningde, China) or parecoxib (Cat No.: S37009; Pfizer Pharmaceuticals Co. Ltd., New York, NY, USA) at a single dose of 10 mg/kg. The SPT and MWT were performed respectively. 
Spared Nerve Injury (SNI)
The SNI surgery was performed as previously described. 32) Rats were anesthetized with 10% chloral hydrate (3 ml/kg) and then the skin of left thigh was incised.
The sciatic nerve and its three terminal branches after bluntly dissecting biceps femoris muscle were totally exposed. The common peroneal and tibial nerves were ligated with a 4-0 silk and cut off the distal to the ligation. The muscle and skin were sutured with a 4-0 silk. Rats in the Sham group were exposured to the sciatic nerve and its three terminal branches but without ligated and cut off the common peroneal and tibial nerves.
Mechanical Withdrawal Test (MWT)
Before MWT, rats were placed in plexiglass chambers with a wire net floor for 30 minutes avoiding the stress resulting from the test conditions. The Electronic Von Frey (Ugo Basile SRL, Milan, Italy) filaments were applied to the lateral 1/3 of right paws. The paws quick withdrawal or flinching was considered as a positive response. Every filament stimuli were applied 4 times with a period of 30-second interval.
33)
Sucrose Preference Test (SPT)
Rats were exposed to water and 1% sucrose solution for 48 hours, followed by 24 hours of water and food depri- vation and a 24-hour exposure to two identical bottles, one is water, and another is 1% sucrose solution. The bottles containing water and sucrose were weighed before and at the end of this period and the sucrose preference was determined.
34)
Enzyme-linked Immunosorbent Assay (ELISA)
The rat IL-6, IL-10, IL-1 and TNF- ELISA kits were purchased from MDL Biotech (Beijing, China; n=7 or 10 for each group). The serum samples were prepared from whole heart blood samples after centrifugation at 3,000×g for 10 minutes. The mPFC and spinal cord tissues were homogenized with saline and the homogenate was centrifuged for 10 minutes at 2,500 rpm at 4°C in order to obtain the supernatant. The 10-l samples and 60-l dilution buffer were added to the wells followed by incubation at room temperature for 60 minutes. Then washing the plates and adding zymolytes into the wells, the absorbance was measured on a spectrophotometer at 450 nm. The concentrations were calculated to the amount of standard protein of each sample.
Statistical Analyses
The data show as the mean±standard error of the mean. Analysis was performed using IBM SPSS Statistics software, ver. 20 (IBM Corp., Armonk, NY, USA). Comparisons between groups were performed using the one-way analysis of variance (ANOVA) or two-way 
RESULTS
Comparison of MWT and SPT between Anhedonia Susceptible and Unsusceptible Rats
SNI is a classical animal model of CNP involving a lesion of terminal branches of the sciatic nerve. 35) Interestingly, SNI significantly decreased sucrose preference on day 14 and 21, but not on day 7 after modeling (data not shown). Anhedonia susceptible and unsusceptible rats were further divided by hierarchical cluster analysis of SPT (Fig.   1B ). Withdraw threshold was significantly decreased in both anhedonia susceptible and unsusceptible rats as compared with that of control on day 7, 14 and 21 individually after SNI surgery. Between anhedonia susceptible and unsusceptible rats, however, there are no any statistical differences (Fig. 1C) . On day 7 after modeling, there are no significant differences among the three groups. Intriguingly, anhedonia susceptible rats significantly decreased sucrose preference as compared with those in the sham and unsusceptible rats on day 14 and 21 after SNI modeling (Fig. 1D) . These findings suggest that SNI model is capable to elicit the emergence of anhedonia. NS, not significant. *p＜0.05, **p＜0.01, or ***p＜0.01.
Differential Levels of Inflammatory Cytokines in the mPFC of Anhedonia Susceptible and Unsusceptible Rats
One-way ANOVA was applied to evaluate the differential levels of TNF-, IL-1, IL-6, and IL-10 in the mPFC of rats. Anhedonia susceptible rats demonstrated that TNF- was significantly up-regulated as compared with that of sham and unsusceptible rats (Fig. 2A) . Compared with sham group, rats in anhedonia susceptible and unsusceptible group significantly increased the levels of IL-1. In contrast, there are no any differences in the levels of IL-1 between the anhedoania susceptible and unsusceptible rats (Fig. 2B) . Interestingly, IL-6, a pro-inflammatory cytokine, fails to show statistical differences among the three groups (Fig. 2C) . Furthermore, comparison of IL-10 level between sham and unsusceptible rats suggested a statistical difference. Although there is a slighter increase of IL-10 level in the anhedonia susceptible rats, post-hoc using Tukey showed no statistical differences. Finally, we showed that IL-10 level was not altered in susceptible as compared with those in the unsusceptible group (Fig. 2D) .
Serum Levels of Inflammatory Cytokines in Anhedonia Susceptible and Unsusceptible Rats
Serum level of TNF- was significantly increased in the anhedonia susceptible rats as individually compared with those of sham and unsusceptible (Fig. 3A) . In addition to IL-1, anhedonia susceptible and unsusceptible were individually increased in relative to those rats in the sham NS, not significant. *p＜0.05, ***p＜0.01. group (Fig. 3B ). IL-6 was significantly up-regulated in the anhedonia susceptible rats as compared with that of sham rats (Fig. 3C) . Moreover, compared with sham group, anhedonia susceptible group, but not unsusceptible group, significantly increased the serum level of IL-10. Additionally, IL-10 was significantly decreased in the anhedonia unsusceptible vs. the susceptible rats (Fig. 3D) .
Expression of Inflammatory Cytokines in the L2-5 Spinal Cord
The pathogenic mechanisms underlying CNP are highly related to the dysfunction of spinal cord. 36) Here we showed that anhedonia susceptible rats markedly increased the spinal TNF- level. Anhedonia unsusceptible rats furtherly up-regulated the TNF- in the intumescentia lumbalis of spinal cord (Fig. 4A ). Both anhedonia susceptible and unsusceptible showed an increase of IL- as compared with that of sham group, respectively (Fig. 4B) . In addition to IL-1, anhedonia susceptible and unsusceptible rats significantly increased IL-6 in relative to rats in the sham group (Fig. 4C) . However, spinal level of IL-10 did not show any statistical differences among the three groups (Fig. 4D) .
Effects of Ketamine and Parecoxib on MWT and SPT in SNI-induced Anhedonia Susceptible Rats
Fast-acting antidepressant effects of ketamine have attracted more attentions. 37, 38) In the present study, 46 rats were enrolled to mimic CNP model via SNI surgery. After hierarchical cluster analysis of SPT, 18 anhedonia suscep-tible rats were selected for further study. Anhedonia susceptible rats (Fig. 5B) were treated with a single dose of ketamie (10 mg/kg), and that ketamine significantly restored SNI-induced decrease in scores of MWT and SPT (Fig. 5C, 5D ). Additionally, paracoxib is a commonly-used analgesic, and its pharmacological property is mainly through inhibiting COX2 receptor to exert an anti-inflammatory action. Interestingly, paracoxib improved the decreased MWT, but failed to show favorable effects on SPT (Fig. 5C, 5D ). These findings suggest that ketamine has improving effects on both pain and anhedonia, while paracoxib only alleviates pain symptoms.
DISCUSSION
SNI, an easily operated animal model of CNP, has been commonly evaluated by examining its mechanical hyperalgesia. 39) Several lines of evidence indicate that SNI is characterized by its earlier-onset and longer-lasting symptoms for better investigating the CNP. 39, 40) In the present study, we observed that SNI rats significantly decreased the withdraw threshold and sucrose preference than those in control rats, supporting the fact that chronic pain has potential to elicit the emergence of the core symptom of depression-anhedonia. It is commonly recognized that chronic pain and depression might mutually exacerbate one another, finally leading to a poor prognosis. 3, 41) Although there are a large number of studies focusing on the comorbidity of depression and pain, 42, 43) there is no study investigating the role of chronic pain, particularly CNP, in the core symptoms of depression-anhedoania. Furthermore, we divided the SNI rats into anhedonia susceptible and unsusceptible by hierarchical cluster analysis of SPT. Most importantly, our statistical data demonstrated that approximately 40% of SNI rats were susceptible to anhedonia. Our group and others, however, suggested that approximately 70% of mice are susceptible to depression in an animal model of chronic social defeat stress. 15, 18, 44) We think the major reason for this difference is that the diagnostic standards for anhedonia are more stringent than that of depression. In addition, distinct animal models and strains would be contributing factors for the discrepancy of incidence. The literature on the mPFC is mainly dominated by a large number of studies on its physiological role in mood disorder. 45, 46) However, the mPFC also plays a key role in the pathogenesis and therapeutic mechanisms of chronic pain. 47, 48) Similarly, other studies implicate that deactivation of mPFC impairs neural circuit of rewarding effects. 49, 50) It is therefore likely that mPFC lesions would cause psychological damage to the hedonia because of abnormality in the rewarding systems. 51) There is evidence that mPFC lesions are potentially related to the over-activation of inflammatory response in this brain region. 52) In this study, we found that abnormally activated pro-inflammatory cytokines TNF- and IL-1, but not IL-6, in the mPFC of brain, might contribute to anhedonia susceptibility vs. unsusceptibility. We previously demonstrated that IL-6 in the peripheral serum, but not in the mPFC, may confer susceptible to stress in a rat model of LH, 53) consistent with the findings of the present study. Interestingly, also in the mPFC, anti-inflammatory cytokine IL-10 may protect against anhedonia susceptibility. However, the precise mechanisms underlying the role of brain level of IL-10 in the anhedonia unsusceptibility remain unknown. Disorders in the peripheral levels of inflammatory cytokines might lead to the development of depression. 20, 21) Immune cells peripherally produce and release pro-inflammatory cytokines, finally impacting the brain to cause an aggravation of sickness behavior and the development of depression in vulnerable individuals. 54) Peripheral inflammatory response is therefore a key pathogenic trigger that might increase the risk of depression. 54) As described above, we previously reported that peripheral level of serum IL-6 is an aggravating factor for stress susceptibility in a rodent model of LH. 53) Intriguingly, in the present study, our results showed that not only IL-6, but also other inflammatory cytokines including IL-1, IL-6 and IL-10 in the serum, would promote the CNP-related anhedonia susceptibility. However, so far, there are few studies focusing on the role of serum inflammatory response in the pain-related anhedonia. Dellarole et al. 29) displayed that neuropathic pain-induced depressive-like symptoms are dependent on TNF signaling through its receptor TNFR1. Further detailed studies on the role peripheral inflammation in pain-related depression or anhedonia are required. Spinal cord is of great importance to the production and conduction of pain sensation.
55) It is well believed that spinal cord stimulation is helpful to alleviate chronic pain. 56, 57) Additionally, many studies indicated patients with traumatic spinal cord injury are prone to easily suffer
The Role of Inflammatory Cytokines in Anhedonia 197 from depression. 58) However, the precise mechanisms underlying the crosstalk between the spinal cord and brain are elusive. In the present study, we failed to find the statistical differences in the inflammatory cytokines between anhedonia susceptibility and unsusceptibility in a SNI rat model of CNP. But SNI rats including anhedonia susceptible and unsusceptible rats significantly increased the spinal levels of TNF-, IL-1 and IL-6, consistent with studies showing over-activated microglia-derived inflammatory cytokines greatly promote the development of CNP. Inflammatory responses are complex in the pathogenesis and therapeutic mechanisms of pain and depression, which are more complicated in the comorbidity of pain and depression. Xie et al. 34) demonstrated that IL-1, IL-6, TNF-, and IL-10 in PFC were significantly increased in depression rats, whereas these inflammatory cytokines were significantly decreased in non-depression rats as compared with that of depression rats. However, our results demonstrated that IL-6 was not altered, and that the levels of IL-1 and IL-10 were not lowered in mPFC of anhedonia unsusceptible rats. The discrepancy seems to be connected with different commercially ELISA kits, different study protocol or different time-point of tissue collection.
Ketamine, an antagonist of N-methyl-D-aspartic acid receptor, has been reported to have a fast-acting and long-term antidepressant effect, especially for refractory depression. 38, 59, 60) In this study, we observed that ketamine is effective in alleviation of anhedonia and pain symptoms. We previously reported that regulation of inflammatory response might be involved in the antidepressant effects of ketamine, indirectly supporting the possibility that inhibiting abnormally activated inflammatory response might, at least partially, contribute to the therapeutic actions of ketamine on depression. 61) Interestingly, parecoxib, an-anti-inflammatory agent commonly applied to treat pain, 62) but failed to alleviate anhedonia symptoms. Although the reasons underlying the discrepancy between the therapeutic effects of ketamine and parecoxib on anhedonia are currently unknown, we hypothesized that differential pharmacological properties of the drugs are a main cause. Future studies on the role of inflammatory response in the therapeutic mechanisms of ketamine for pain-related depression are greatly needed.
In conclusion, this study suggests that inflammatory cytokines in the mPFC and serum might contribute to anhedonia susceptibility vs. unsusceptibility in a rat model of SNI. Monoclonal antibodies targeting IL-6 and TNF- would provide an available strategy for treatment of pain and/or depression since these biological agents have been clinically used for rheumatoid arthritis treatment. Furthermore, ketamine is effective in alleviating anhedonia symptoms in a rat model of SNI. Further clinical studies on the effects of ketamine on pain-related depression or the comorbidity of pain and depression are required.
